Epigenetic reprogramming in early preimplantation embryos, that refers to erasing and remodeling epigenetic marks such as DNA methylation, is essential for differentiation and development. In many species, paternal genome is subjected to genome-wide active demethylation before the DNA replication commences, while maternal genome maintains its methylation status until being demethylated passively during the subsequent cleavage divisions. The purpose of this manuscript was to review the available knowledge about the paternal genome active demethylation process concerning the possible mechanisms, species variation and the factors affecting the active demethylation dynamics such as in vitro protocols for production of pronuclear-stage zygotes. Better understanding the mechanisms by which the epigenetic reprogramming is occurred may contribute to clarify the biological significance of this process.
(J. Reprod. Dev. 55: 356-360, 2009) ene expression is regulated by both genetic and epigenetic mechanisms. Epigenetics includes modifications of DNA itself (methylation of cytosine in the CpG dinucleotide) and/or the associated protein (phosphorylation, acetylation and methylation of histone) [1] . These modifications can regulate the gene expression without changing the DNA consequences [2] . Each cell type in our body has its own epigenetic signature which reflects different gene expression, and subsequently results in different structure and function among genetically homogenous cells. DNA methylation is one of the most-studied epigenetic mechanisms, and it is recognized as a chief contributor to the stability of gene expression state [3] .
DNA Methylation: Nature, Function and Reprogramming
DNA methylation is a process that includes transferring a methyl group from S-adenosylmethionine to C5 positions of the cytosine residues in the CpG dinucleotides by different categories of methyltransferase enzymes (Dnmt1, Dnmt1o, Dnmt2, Dnmt3a, Dnmt3b and Dnmt3L) [4, 5] . The CpG dinucleotides are mainly present in a cluster called CpG islands, which are associated with genes, and mostly located in promoters and first exons [6] . These islands are defined as the initiation sites for both transcription and DNA replication, and may represent genomic footprints for replication initiation [7] . Methylation of the CpG dinucleotides in the gene promoter may repress gene expression by interfering with the access of the DNA binding proteins and subsequently blocking the transcription or by binding to the transcriptional repressor MeCP2 [4, 8, 9] . In spite of great correlation between gene methylation status and gene expression, it is not yet clear whether DNA methylation is the cause of or a subsequence to the transcriptional repression [10] . In an another view for the correlation between gene methylation status and its expression, methylation can increase or decrease the level of gene transcription depending on whether the methylation inactivate a positive or negative regulatory element [8] . Marking the maternal and the paternal gene alleles with different sets of methylation marks during oogenesis and spermatogenesis in addition to escaping the reprogramming of these marks at the early embryonic stage is essential for regulating the expression of imprinted genes [5, 11] . DNA methylation plays an important role in regulating the X chromosome dosage in female mammalian embryos by inactivation of one of the X chromosomes [1] and in regulating the expression of tissue specific genes [12] . Moreover, silencing the transposable element, which is essential for maintaining the integrity and the stability of chromosomal structure, is a possible function of DNA methylation [3] . Possible functions of the DNA methylation during development of mammalian embryos are summarized in Table 1 .
While genomic methylation pattern is generally stable and heritable in differentiated somatic cells, mammalian genome undergoes a genome-wide methylation reprogramming in germ cells and preimplantation embryos [1, 13] . The reprogramming occurred during these two stages is different in term that some repeat consequences and imprinted genes escape from the reprogramming process during the early embryonic stage. In the early embryonic stage, the gametic methylation marks are erased (demethylation) and replaced with embryonic marks that are important for embryonic development and acquirement of toti-or pluripotency [4, 13] . Then, the genome is subjected to de novo methylation process to establish the basic somatic bimodal methylation pattern at the time of implantation. The de novo methylation process commences at 8-16 cell stage in bovine embryos [14] and in the inner cell mass cells of mouse blastocysts [15] . The reprogramming process organizes a fixed expression pattern in the genome by which tissue specific genes are globally repressed while housekeeping genes are active in all type of the cells. Accepted for publication: April 7, 2009 Correspondence: S Hochi (e-mail: shochi@shinshu-u.ac.jp)
Active Demethylation of Paternal Genome
From the recent researches on DNA methylation reprogramming, it was amazing that the mechanism by which the paternal genome is demethylated is different from that responsible for maternal genome demethylation ( Fig. 1 ). Evidences from pronuclear zygotes in some mammalian species indicate that paternal genome is subjected to replication-independent, genome-wide active demethylation during the first few hours after fertilization [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In contrary, maternal genome maintains its methylation level until the beginning of mitotic division stage when both maternal and paternal genomes undergo replication-dependent, passive demethylation with each mitotic cycle [25] . While the passive demethylation of the maternal genome may be due to absence of methyltransferase maintenance enzyme (Dnmt1), many aspects relating to the active demethylation of paternal genome remain questionable [5] .
A short form of methyl-binding domain protein-2 (MBD2) participated in the direct removal of the methyl group from the 5methylcytosine under in vitro condition [26] , but normal paternal genome demethylation was observed in the MBD2-deficient zygotes [15] . Since removal of the methyl group from 5-methylcytosine requires unprecedented biochemical reaction with high energy to destruct the C-C bond, the process of active demethylation may occur indirectly. The indirect demethylation may be occurred through a base excision repair [27] or nucleotide excision repair [28] . Alternatively, the indirect demethylation process may be triggered by the deamination of 5-methylcytosine (converting it to thiamine (T) by deaminase) [29] and followed by repairing the T:G mismatch by some DNA glycosylases as thymine DNA glycosylase and methyl-binding domain protein-4 (MBD4) [30] . However, normal active demethylation of paternal genome occurred in mouse zygotes lacking the MBD4 [31] . Recently, it has been proposed that the Dnmt3a and Dnmt3b, responsible for the de novo methylation process, trigger the active demethylation process. In the absence of S-adenyl L-methionine, these enzymes can convert the 5-methylcytosine to thymine [32] . However, many aspects on this proposal are still under discussion [33] .
How the Maternal Genome Escape the Active Demethylation Process?
The mechanism by which only paternal genome is subjected to the active demethylation process immediately after fertilization is unclear, but some possibilities have been proposed ( Fig. 2) . (1) During the period of protamine / histone exchange, the naked pater- Suppressing the gene expression [4, 8, 9] Inactivating the X chromosome in female [1] Regulating the imprinted gene expression [5, 11] Silencing the transposable element [3] Regulating the expression of tissue specific gene [12] nal genome [34] is accessible to the putative demethylase. (2) The putative demethylase is attracted only to the paternal genome by special landmarks. These hypotheses may be supported by some findings as demethylation of multiple male pronuclei occurred in polyspermic fertilized mouse and human zygotes, while maternal genome in parthenogenetic, gynogenetic or triploid digynic zygotes did not demethylate [15, 35] . In addition, bovine oocytes fail to actively demethylate the somatic cell nucleus [14] and abnormal pattern of paternal genome active demethylation was observed after ROSI in mouse [36] [37] [38] . However, active demethylation was noticed in bovine somatic cell nuclear-transferred zygotes [17] . (3) The maternal genome is protected against the active demethylation process. Surrounding the maternal genome with methylated histone [39] [40] [41] may protect them from diverse cytoplasmic reprogramming machineries, while packing the paternal genome in acetylated histone [15, 42] render them softer and accessible to the putative demethylase [43] . Histone methylation, particularly H3K9me2, acts to protect maternal genome from active demethylation, probably by attracting histone-1 linker protein [40, 44] . However, the following observations indicate that the histone modification is not the main protective mechanism against the active demethylation process. Despite the mouse and sheep genome carried a similar histone modification pattern; demethylation status of the paternal genome was quite different between these two species [45] . Zygotes from PGC7/Stella-knock out (KO) mice exhibited active demethylation of the maternal genome, while methylation status of histone-3 (H3K9me2) in the KO mice was comparable with that in the wild-type mice [46] . Based on this observation, it was proposed that the PGC7/Stella, a maternal factor essential for early embryonic development, protects the maternal genome from the active demethylation process. However, the same authors also recorded localization of the PGC7/Stella in the paternal pronucleus showing active demethylation [46] , which may indicate that PGC7/ Stella may interact with other factors, not present in paternal pronucleus, to protect the maternal genome from the active demethylation process.
Although the active demethylation of the paternal genome has been described as global (occurring over the entire genome), another mystery is the maintenance of germ line methylation marks on imprinted single copy genes [47, 48] , heterochromatin in / around centromeres [15, 25] and IAP retrotransposon [49] . This phenomenon raised questions about how such sequences are protected from the demethylation process. Occurrence of demethylation in two paternally imprinted genes in zygotes derived from PGC7/Stella-KO mice [46] suggests that the PGC7/stella originally located in the ooplasm must be localized into the paternal genome to preserve the methylation status in the imprinted genes. Additionally, it was suggested that both the maternal and zygotic Dnm1 isoforms are necessary for the maintenance of the methylation imprints during preimplantation development [50] . However, the following questions are still waiting the answers; Why these factors doesn't protect the other genes? Is there sequence preference for demethylation? Is a particular histone modification responsible to protect these regions from demethylation? Review article with special references to gene imprinting can be seen elsewhere [5] .
Different Active Demethylation Dynamics Among Mammalian Species
The kinetics and the extent of paternal genome active demethylation in pronuclear-stage zygotes, expressed as relative methylation of the paternal genome to the maternal counterpart (RM), are widely variable among different mammalian species with even conflicting results in some species (Table 2) . Such variability may indicate that the active demethylation of paternal genome is not obligate requirement for mammalian development; otherwise it seems that each species may have its own characteristic strategy required for the normal embryonic development. There is a general agreement that paternal genome undergoes complete active demethylation in mouse zygotes (RM<0.4) [15] [16] [17] [18] [19] [20] [21] . The paternal genome of mouse zygotes completely lost their methylation marks within 4 h after fertilization [15] or 10 h after copulation [18] . In rat, the extent of the active demethylation was described either as complete as in mouse [17, 19, 22] or less complete than in mouse [18] . The progress of the active demethylation in rat zygotes may be somewhat delayed compared to mouse zygotes, as significant decrease in the relative methylation level was observed at 10 h after IVF [22] or at 16 h after copulation [18] . In bovine, paternal genome undergoes active demethylation as well as rodents [14, 17, 19, 21, 23, 24] . This process was completed within the first 10 h after conventional IVF [23] , but the extent of the active demethylation was controversial as reported to be complete [17] or partial (0.4≤RM<0.8) [14, 19, 21, 23, 24] . In our study, the RM values were highly variable among zygotes, with the majority of zygotes showing 0.4≤RM<0.6, but some zygotes showed complete active demethylation [23] . It should be noted that all data in bovine species were originated from in vitro-matured and in vitro-fertilized pronuclear zygotes. If we could investigate this phenomenon on in vivo-derived zygotes or select the in vitro-matured oocytes based on their cytoplasmic maturation status (as a predictive parameter for their developmental competence), the knowledge about active demethylation in the bovine might be changed. In pig, controversial reports regarding the occurrence of active demethylation have been published; complete demethylation was observed in in vivo-derived zygotes [17, 51] , while no demethylation has been detected in the in vitro-derived zygotes [19, 52] . [14, 19, 21, 23, 24] Several reports showed that the paternal genome active demethylation process did not occur in sheep, goat and rabbit zygotes [19, 21, [53] [54] [55] . However, recent quantitative analysis of the paternal genome methylation status in pronuclear-stage sheep zygotes at 18-20 h after IVF revealed that the paternal genome was 30% less methylated than the maternal counterpart and 23% of the examined zygotes completely lost methylation marks in the paternal genome [45] . Also in rabbit, active demethylation has been reported to occur at a specific DNA region (SP-A promoter region and the satellite sequences Rsat IIE) in the ICSI-derived zygotes [56] and the overall average of RM value decreased to 0.51 at 8-10 h after fertilization [41] .
The variation among the species may be due to difference in the demethylation activity of the ooplasm. However, a proportion of rabbit, sheep or bovine zygotes showed completely demethylated paternal genome even though the mean extent of the paternal genome active demethylation was classified as partial in these species [23, 41, 45] . In addition, sheep oocytes were able to support active demethylation of mouse sperm chromatin after interspecies microinsemination [57] . Difference in sperm chromatin structure may provide an alternative explanation to such variation among the species [57] . Since mouse and rat zygotes experience early activation of embryonic genome (transition from maternal to paternal origin) compared to bovine, rabbit and sheep zygotes [58] , complete active demethylation of the paternal genome may be required for proper transcriptional activation of the embryonic genomes in the mouse and rat.
Effect of In Vitro Embryo Production on Active Demethylation
It is generally acceptable that ooplasm is responsible for the process of paternal genome active demethylation. The function of the ooplasm may be affected either by oocyte quality or early post-fertilization culture condition. Porcine oocytes matured in vivo or those matured in vivo up to germinal vesicle breakdown followed by in vitro culture to the metaphase-II stage have higher ability to support active demethylation of the paternal genome than those matured in vitro [59] . Moreover, in vitro culture of in vivo-derived zygotes impaired the active demethylation in mouse and rat [18] . However, such adverse effect was not observed in the other reports [22, 60] .
Mouse zygotes can be produced in vitro by various protocols including IVF, ICSI and round spermatid injection (ROSI) [61] . Neither IVF nor ICSI protocol affected the dynamics of the active demethylation in the mouse [60] , but ROSI protocol induced some abnormal dynamics such as insufficient demethylation level and occurrence of re-methylation [36] [37] [38] . So, it was supposed that the properties of paternal gamete may affect the efficiency of the active demethylation process [57] . Moreover, the low rate of full-term development after ROSI [61] may be explained either by the abnormal pattern of paternal genome demethylation [36] or by the abnormal localization of methylated chromatin in the nucleoplasm of male pronucleus rather than the failure to completely demethylate the paternal genome [38] . On the other hand, in vitro production of rat zygotes is not efficient as in mouse, despite of the successful birth of ICSI-or ROSI-derived rat offspring [62] . Paternal genome active demethylation in IVF-and ICSI-derived rat zygotes occurred at a similar timing (6 to 10 h after fertilization), but to lesser extent compared to the in vivo-derived counterparts. However, ROSI-derived rat zygotes did not show any reduction in the methylation level of the paternal genome [22] .
Perspective
This article deals with the process of active demethylation of the paternal genome in pronuclear-stage mammalian zygotes. Further insight into the molecular mechanisms, that cause variation in the occurrence and the extent of this phenomenon among the mammalian species and different response of maternal versus paternal genome to this active demethylation, is required. Better understanding all the mechanisms that regulate the epigenetic reprogramming may contribute to a breakthrough in the fields which suffer from low success rates due to the abnormal epigenetic reprogramming, such as nuclear transplantation with somatic cells [63] or microinsemination with immature spermiogenic cells [64] .
